Low-pressure/high-temperature metamorphic rocks exposed in the western part of the Ryoke belt (Iwakuni-Yanai area, SW Japan) include a section with increasing temperature conditions from $425 to 880 C. We use this setting to explore the evolution of monazite grain size, texture and composition, and variations in the whole-rock composition of 11 metapelite, metapsammite or metachert samples collected along the metamorphic field gradient. Monazite grain size increases with rising metamorphic grade, regardless of the whole-rock composition. From low-to high-grade conditions we infer: (1) the initial nucleation of monazite aggregates after allanite ($425 C); (2) monazite coarsening and coalescence driven by incipient monazite recycling; that is, dissolution of small grains to grow larger ones by Ostwald ripening (500-600 C); (3) a first major recycling stage enhanced by fluid liberation owing to muscovite breakdown (600-630 C); (4) a second recycling stage assisted by an increase in the proportion of anatectic melt owing to biotite breakdown (> 850 C). A succession of four compositional domains is recognized in monazite. We emphasize the usefulness of comparing their Ce/Th Mnz , Ce/Y Mnz and Th/U Mnz molar ratios with those derived from whole-rock analyses to constrain the origin of each domain. Domain I, with variable ratios, reflects the progressive transfer of Th 6 U from allanite to monazite at low-grade conditions. Domain II, with Ce/Th Mnz matching the whole-rock values, indicates growth under rock(decimetre)-scale equilibrium conditions. Domains II and III, with Th/U Mnz and Ce/Y Mnz departing from the whole-rock values, record the competition with zircon (for U) and garnet (for Y) during growth at peak P-T conditions. Domain IV points to Y supply by garnet resorption during retrograde chloritization (< 550 C). In the highest-grade sample, zircon grains included in garnet or cordierite show metamorphic rims with sillimanite and Si-rich inclusions. These rims formed at suprasolidus conditions (650-880 C) and yield 206 Pb/ 238 U ages of 103-97 Ma (6 5 Ma), which bracket the timing of high-temperature metamorphism. Monazite dating by electron microprobe and laser ablation inductively coupled plasma mass spectrometry reveals two age groups. For domains I-III, some relatively old 206 Pb/ 238 U ages (99-95 6 3-5 Ma) represent minimum estimates for the timing of prograde to peak metamorphism, whereas the similar oldest 
INTRODUCTION
A recurrent question pertaining to high-temperature (HT) metamorphic belts is the time-scale of elevated temperature conditions. There is evidence for heating of the continental crust being as brief as 1 Myr when pluton intrusions are involved (e.g. Schaltegger et al., 2009) , and as long as hundreds of million years when radioactive heat production affects an undisturbed craton (McLaren et al., 1999) . In any HT metamorphic belt it is thus crucial to constrain the age of metamorphic reactions resulting from a significant heat input within the crust. Assessing the time-scale of tectono-metamorphic evolution can be based on two main approaches: the analysis of single minerals that preserve age zoning (e.g. zircon: Vavra et al., 1996; monazite: Zhu & O'Nions, 1999; muscovite: Mulch et al., 2005; garnet: Pollington & Baxter, 2010) or the combination of multiple geochronological methods (e.g. Harrison et al., 1979; Vance & O'Nions, 1992) , provided that petrological observations and age results are carefully correlated (Vance et al., 2003) . In the present study, we follow both approaches to unravel the thermal history of the HT Ryoke belt (SW Japan).
The Ryoke belt is a section of a Cretaceous magmatic arc that formed along the continental margin of the Eurasian plate (e.g. Nakajima et al., 1990; Nakajima, 1994) . It exposes mostly plutonic rocks associated with former accretionary-wedge material, which underwent HT metamorphism at relatively shallow depth (Miyashiro, 1961) . The Ryoke metamorphic rocks record a succession of Early to Late Cretaceous heating events, which can be correlated with the local influence of granitoid intrusions (e.g. Okudaira, 1996b; Kawakami & Suzuki, 2011) , but which possibly reflect a larger-scale process of anomalously high heat input (see Wallis & Okudaira, 2016) . In parts of the belt, and especially in the area under consideration here (Iwakuni-Yanai, western Ryoke), the Ryoke metamorphic rocks give access to a section with almost continuously increasing temperature conditions from $425 to 880 C at pressures between 0Á5 and 6Á5 kbar (e.g. Ikeda, 2004) .
Our main goal, motivated by the exposure of this temperature gradient, is to constrain the behaviour of monazite with increasing metamorphic grade. Electron microprobe (EMP) monazite ages have already been reported for the study area, but only for high-grade metamorphic rocks and with the assumption that they represent the prograde attainment of amphibolite-facies conditions at $525 C (e.g. Suzuki & Adachi, 1998) . However, monazite petrogenesis is known to be more complex; monazite can form at diagenetic conditions (Evans & Zalasiewicz, 1996) , subsequently break down to light rare earth element (LREE)-bearing epidote or allanite (e.g. Wing et al., 2003; Janots et al., 2008) and regrow at the expense of allanite at around 525-600 C (e.g. Smith & Barreiro, 1990; Goswami-Banerjee & Robyr, 2015) . From suprasolidus to retrograde conditions, new monazite domains can form and record interactions with crystallizing or resorbing plagioclase, garnet or apatite (e.g. Gibson et al., 2004; Finger & Krenn, 2007; Dumond et al., 2015) . Owing to such a wide range of monaziteforming processes we decided to undertake monazite age dating guided by petrological observations and using both EMP and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Not only do we aim at refining local age interpretations, but, in addition, we wish to propose a general scheme for monazite formation and growth during medium-to high-temperature metamorphism at relatively low pressure.
Our secondary goal is to estimate the age and timescale of medium-to high-temperature conditions in the western part of the Ryoke belt. We additionally use U-Pb zircon dating in the highest-grade part of the section, because metamorphic zircon is commonly thought to record the age of relatively high-temperature metamorphic stages, especially when partial melting is involved (e.g. Rubatto et al., 2001; Hoskin & Schaltegger, 2003; Yakymchuk & Brown, 2014) . Zircon is also considered to be relatively robust with respect to secondary alteration processes (Hanchar & Hoskin, 2003) , in contrast to monazite for which low-grade recrystallization and isotopic resetting through fluid-induced dissolution-reprecipitation has been repeatedly reported (e.g. Bosse et al., 2009; Kelly et al., 2012) . Based on the combination of monazite and zircon age results, we constrain the duration of HT conditions in the western part of the Ryoke belt, thereby providing new arguments for a future identification of the heat source(s) that affected this former continental arc setting.
GEOLOGY OF THE RYOKE BELT IN THE IWAKUNI-YANAI AREA
The Iwakuni-Yanai area represents the western part of the Ryoke belt, which extends for $800 km across SW Japan (Fig. 1) . It mostly includes Cretaceous, I-type plutonic rocks of dioritic, granodioritic or granitic composition (e.g. Moutte, 1990 ) that intrude subordinate metamorphic rocks. The metamorphic rocks comprise meta-mudstone, meta-sandstone and metachert, with minor marble and amphibolite (Higashimoto et al., 1983) . The weakly metamorphosed equivalents of these rocks are found to the north (Kuga group) and preserve a late Jurassic maximum sedimentation age (Takami et al., 1993) .
Metamorphism is of low-pressure/high-temperature type (Miyashiro, 1961; Brown, 1998) . The metamorphic grade increases across a series of zones defined by metamorphic minerals or assemblages (e.g. Ikeda, 1998) . In order of increasing temperature these are the chlorite-biotite (Chl-Bt), biotite (Bt), muscovitecordierite (Ms-Crd), K-feldspar-cordierite (Kfs-Crd), sillimanite-K-feldspar (Sil-Kfs) and garnet-cordierite (Grt-Crd) zones (Fig. 1) . Schistose metamorphic rocks occur up to the Ms-Crd zone, whereas from the Kfs-Crd zone a gneissose structure and increasing degree of migmatization are observed (Brown, 1998; Kawakami & Ikeda, 2003) . Features indicative of partial melting start to appear in the southern part of the Kfs-Crd zone rather than at the schist-gneiss transition, and these coincide with the tourmaline-out isograd (Kawakami & Ikeda, 2003) . More precisely, temperature gradually increases from the northernmost Chl-Bt zone ($450 C at 0Á5-2 kbar) to the southernmost Grt-Crd zone C at 4-7 kbar), but slightly decreases towards the southernmost Sil-Kfs zone (Okudaira, 1996a; Ikeda, 2002 Ikeda, , 2004 . Additional data indicate that temperature also decreases towards the west of the Grt-Crd zone (Sugawara, 2013) . Pressure estimates derived from conventional geobarometry cluster at 0Á5-3 kbar from the Chl-Bt to Kfs-Crd zone, and at 4-7 kbar for the Sil-Kfs and Grt-Crd zones (Ikeda, 2004) . Using the residual pressure of quartz inclusions in garnet, Kouketsu et al. (2014) similarly proposed that peak pressure conditions for the Chl-Bt, Ms-Crd and Kfs-Crd zones did not exceed 3 kbar. It should be noted that, although the metamorphic rocks seem to define a continuous gradient, this field gradient is not the result of a single tectonothermal event (Okudaira et al., 1993; Skrzypek et al., 2016) .
Based on U-Pb zircon ages, it is possible to distinguish three groups of plutons (Fig. 1) . The western granites were emplaced at 105-100 Ma as indicated by mean and weighted average 206 Pb/ 238 U ages of 105 6 3, 105 6 2 and 101 6 1 Ma obtained by LA-ICP-MS (Skrzypek et al., 2016) . They were shortly followed by the intrusion of the southern granitoids (diorite, granodiorite, granite; , which show weighted average 206 Pb/ 238 U ages of 100 6 1, 98 6 1 and 95 6 1 Ma by LA-ICP-MS (Skrzypek et al., 2016) , a sensitive high-resolution ion microprobe (SHRIMP) age of 101 6 2 Ma (Nakajima et al., 1993) , and a concordant 206 Pb/
238
U age of 96 6 3 Ma by conventional dating (Herzig et al., 1998) . The eastern granite was emplaced at 96 6 1 Ma (weighted average 206 Pb/ 238 U age by LA-ICP-MS; Skrzypek et al., 2016) together with satellite dykes locally reaching the centre of the exposed metamorphic section. Skrzypek et al. (2016) showed that U-Pb zircon dating results for granitoids, interpreted as emplacement ages, agree with structural and petrological observations, whereas some of the previously published EMP monazite ages do not. For the above-mentioned granitoids, EMP monazite ages (calculated using the chemical isochron method, CHIME) are younger than the zircon results; they range from 95 6 6 to 87 6 2 Ma (Suzuki et al., 1994 (Suzuki et al., , 1996 Suzuki & Adachi, 1998) and Lithologies are after Sato (1933) , Higashimoto et al. (1983) and the Geological Survey of Japan (2012) . U-Pb zircon ages of granitoids are after Herzig et al. (1998) , Nakajima et al. (2013) and Skrzypek et al. (2016) . Metamorphic zone boundaries are after Ikeda (1993) . Mineral abbreviations follow IUGS recommendations after Kretz (1983) .
are very similar to K-Ar biotite ages (94 6 5 to 86 6 4 Ma; Kawano & Ueda, 1966; Higashimoto et al., 1983) .
Metamorphic ages are almost only reported for the highest-grade Grt-Crd zone. Several gneiss samples from the Grt-Crd zone and one from the Sil-Kfs zone give similar CHIME monazite results, which cluster at 101-99 6 3-4 Ma; this age range is invariably ascribed to the prograde attainment of amphibolite-facies conditions at $525 C (Suzuki et al., 1994 (Suzuki et al., , 1996 Suzuki & Adachi, 1998) . In a migmatitic gneiss sample from the Grt-Crd zone, U-Pb zircon dating by SHRIMP yielded several age clusters, with the youngest one being identical (97 6 1 Ma) for zircon from the leucosome and melanosome parts. This age obtained from zircon rims is ascribed to peak metamorphic conditions (Nakajima et al., 2013) .
SAMPLE MINERALOGY
Metasedimentary rock samples were collected from the different metamorphic zones along a nearly northsouth transect, avoiding the proximity of granitoids and their contact aureoles in the northern part (Fig. 1) . Samples are classified in order of increasing peak temperature conditions based on published P-T estimates (Ikeda, 2004; Sugawara, 2013; Fig. 2) , and a simplified naming scheme (RK0 to RK11) was adopted to reflect the increasing temperature trend. One sample (EY58B, renamed RK0) collected in the northern part of the ChlBt zone is used as the low-grade origin of the metamorphic succession (Fig. 1) .
Origin of the metamorphic section
Sample RK0 (northern Chl-Bt zone) is a dark schist with chaotic and disrupted sandy layers. Its metamorphic foliation is parallel to the sedimentary bedding and is defined by mica (Ms-Bt) and chlorite bands alternating with quartz-albite layers. Accessory minerals are Ilm, Gr, Aln, Xtm, Zrn, Mnz and Tur (Fig. 2) . Raman analysis of carbonaceous material in RK0 (40 grains analyzed with a 532 nm laser) yields a peak temperature estimate of 425 6 30 C [temperature calibration after Aoya et al. (2010) ].
Chl-Bt and Bt zones
Samples RK1 (southern Chl-Bt zone) and RK2 (Bt zone) are dark schists with a bedding-parallel foliation variably reworked by a spaced cleavage. RK1 is quartz-rich whereas RK2 is more pelitic. Their main foliation is defined by alternating quartz-and mica-rich (Ms-Bt) layers. In RK1, oblique cleavage planes are filled by quartz and minor chlorite, and post-tectonic garnet and biotite blasts in the mica-rich layers suggest a weak overprint owing to contact metamorphism. In RK2 the more penetrative cleavage is defined by aligned biotite. Accessory minerals are Ilm, Gr, Ap, Mnz, Zrn, Xtm, Aln and Tur, with additional Rt in RK1 (Fig. 2) . Fig. 2 . Summary of mineralogy, average monazite equivalent diameter and temperature estimates for samples RK0 to RK11. Double arrows denote textural equilibrium between monazite and xenotime or metamorphic zircon (if overgrowths are observed). Dashed lines indicate rare occurrence. Peak temperatures are based on data from Ikeda (2004) and Sugawara (2013) ; samples that lie close (<$1 km) to those analyzed in previous studies are given a single value; others are given a range. A typical uncertainty of 630 C has to be considered. Names in parentheses indicate original sample labels.
Ms-Crd zone
Sample RK3 is a white metachert and sample RK4 is a quartz-rich metapsammite; both show a beddingparallel foliation defined by the alternation of thick quartz-rich and thin mica-rich layers. The mica-rich layers contain mostly muscovite, biotite and cordierite porphyroblasts. In sample RK4, the main foliation is affected by a weak crenulation cleavage along which biotite laths are developed. Both samples share the accessory minerals Ilm, Gr, Ap, Mnz, Zrn, Xtm and Aln; sample RK3 contains additional Hem and Rt whereas RK4 hosts Fe-sulphide and Tur (Fig. 2) .
Kfs-Crd zone
Samples RK5 and RK6 are aluminous metapsammitic gneisses with a main foliation defined by the alternation of quartz-rich and Pl-Bt 6 Crd layers. Coarser-grained leucocratic veins of quartz and K-feldspar lie parallel to or obliquely cross-cut the foliation and are thought to represent former anatectic melt. In sample RK5 cordierite porphyroblasts show an inclusion-free rim surrounding an inclusion-rich core that preserves biotite, graphite and andalusite relicts variably transformed to prismatic sillimanite. In sample RK6 large secondary muscovite flakes, probably formed after cordierite, surround prismatic sillimanite with hercynite inclusions. Significant retrogression makes the amount of K-feldspar relatively minor in this sample. Accessory minerals are Ilm, Rt, Gr, Ap, Mnz, Zrn and Xtm; sample RK5 contains additional Fe-sulphide whereas RK6 hosts Aln and retrograde Chl (Fig. 2) .
Sil-Kfs zone
Sample RK7 is an aluminous metapsammitic gneiss with macroscopically visible sillimanite porphyroblasts. The folded and disrupted foliation is highlighted by thin layers of micas and sillimanite that occur between thicker quartz-feldspar-rich layers. Brownish mats (up to 0Á5 cm in length) of fibrous sillimanite intergrown with minute biotite are associated with rounded garnet grains ($200 mm in diameter) and are separated from matrix biotite by a fringe of coarse-grained, retrograde muscovite. Accessory minerals are Gr, Mnz, Zrn, Xtm, minor Ap and late-stage Hem (Fig. 2) .
Grt-Crd zone, fine-grained rocks
Samples RK8 and RK9 are relatively fine-grained metapsammitic gneisses with millimetre-thick leucocratic veins interpreted as products of partial melting. Both samples preserve a metamorphic foliation defined by the alternation of fine-grained Bt 6 Crd and Qtz-Fsp layers. Coarser-grained leucosomes lie parallel or oblique to the main foliation and are composed of quartz, plagioclase, K-feldspar and inclusion-poor euhedral cordierite. Sample RK8 contains partly pinitized cordierite poikiloblasts with inclusions of quartz, plagioclase, biotite, prismatic sillimanite, graphite and rare garnet. Accessory minerals are Ilm, Rt, Gr, Ap, Mnz, Zrn and Xtm; sample RK8 hosts retrograde Ms and Chl, whereas RK9 contains additional Fe-sulphide (Fig. 2) .
Grt-Crd zone, coarse-grained rocks
Samples RK10 and RK11 are relatively coarse-grained aluminous and quartz-rich metapsammitic gneisses, respectively. Both can be described as metatexite according to the presence of several centimetre-thick leucocratic parts. The metamorphic foliation in sample RK10 corresponds to an alternation of coarse-grained Qtz-Kfs 6 Crd leucosomes and partly discontinuous biotite-rich melanosomes. Former euhedral cordierite porphyroblasts in the leucosomes are almost entirely replaced by retrograde micas; smaller cordierite grains in the melanosomes rarely host inclusions of prismatic sillimanite and zircon. Sample RK11 shows a regular alternation of coarse-grained Qtz-Kfs and Bt-Grt-Crd layers. Cordierite porphyroblasts host needle-shaped sillimanite inclusions with rare hercynite, monazite and zircon, whereas garnet porphyroblasts exhibit a narrow inclusion-rich core (including Qtz, Bt, Ilm, Mnz and Xtm) surrounded by an inclusion-poor rim (including Qtz, Crd, Sil, Rt, Zrn and Mnz). Both samples contain the accessory minerals Ilm, Rt, Gr, Ap, Mnz, Zrn and Xtm; sample RK10 contains additional Fe-sulphide, Aln, and retrograde Chl, whereas RK11 hosts late-stage Hem (Fig. 2) .
ANALYTICAL METHODS

Monazite grain size by image analysis
The morphology and size of monazite grains were quantified by processing backscattered electron (BSE) images using Matlab V R software. For each sample more than 20 high-magnification (>500Â) BSE images, with contrast adjusted so that only monazite was visible, were scaled and converted to binary images by thresholding. The individual grains were identified as clusters of connected pixels (function bwconncomp) with each cluster being approximated by an ellipse, which has the same normalized second central moments. Several shape and size parameters were calculated (function regionprops) for clusters with an area larger than 1 mm 2 (Table 1) . For samples RK1-RK11, the mean area and major axis length of monazite follow the same trend, whereas the mean aspect ratio shows some variation (1Á5-2Á1). The equivalent diameter, defined as the diameter of a circle with the same area as the grain and commonly used in microstructural studies (e.g. Heilbronner & Keulen, 2006) , is therefore taken as an appropriate parameter to compare monazite grain size between samples.
X-ray mapping and monazite analysis by electron microprobe X-ray maps of representative monazite grains were acquired at Kyoto Univeristy with a JEOL superprobe JXA-8105 operating at 15 kV and 100 nA. Maps for CaKa, YLa, UMa and ThMa were acquired in stage scan mode (0Á2-0Á3 mm step size) for large (>100 mm) grains or aggregates and beam scan mode (focused beam) for smaller ones, with dwell times of 20-100 ms per pixel. In addition to BSE images and quantitative monazite analyses, X-ray maps were used to define the succession of monazite domains (Ia, Ib, II, III and IV) in the samples.
Quantitative monazite analyses were performed at the Center for Chronological Research, Nagoya University, using a JEOL JCXA-733 electron microprobe operating at 15 kV, 170 nA and with a 3 mm beam diameter. One spot analysis included elements for age calculation (U, Th, Pb), compositional discrimination (Y, La, Ce), quality check (S, Ca, Si, K) and interference correction (Nb). Total counting times were 1800 s for U, Th, Pb, Y and S and 300 s for Ca, Si, K, Nb, La and Ce, so that one analysis lasted $1 h and the detection limit for PbO was $10 ppm. The full analytical procedure is available as Supplementary Data Electronic Appendix 1; supplementary data are available for downloading at http://www.petrology.oxfordjournals.org. Two monazite reference materials were analyzed under the same conditions; 44069 monazite [424Á86 6 0Á50 Ma, U-Pb concordia age by isotope dilution thermal ionization mass spectrometry (ID-TIMS); Aleinikoff et al., 2006] and Namaqualand monazite (from Steenkampskraal, South Africa; various reference ages are proposed and cluster at c. 1030 Ma, see Supplementary Data Electronic Appendix 1 for details) yielded weighted average Th-UPb dates of 427 6 10 Ma [mean square of weighted deviates (MSWD) ¼ 1Á50, n ¼ 17] and 1027 6 10 Ma (MSWD ¼ 2Á00, n ¼ 35), respectively. Selected monazite analyses are listed in Table 2 ; all data can be found in Supplementary Data Electronic Appendix 2.
Monazite composition is discussed based on filtered analyses (with SiO 2 < 2 wt % and CaO < 3 wt %) to discard possible contributions from the surrounding minerals. Monazite molar ratios (Ce/Th Mnz , Ce/Y Mnz , Th/ U Mnz ) were used to distinguish between the compositional domains and for comparison with the whole-rock molar ratios (e.g. Ce/Th RKX where the subscript denotes the sample name). For age calculation, monazite analyses are additionally filtered based on (1) the (Ca þ Si)/ (Th þ UþPb þ S) atomic ratio, hereafter referred to as the chemical criterion (Suzuki & Kato, 2008) , and (2) the absence of damage caused by beam irradiation. Analyses that satisfy a chemical criterion between 0Á9 and 1Á1 were plotted in U/Pb vs Th/Pb diagrams (Cocherie & Albarede, 2001) , and only those without apparent damage were considered for calculating total Th-U-Pb dates. All age errors are reported at the 2r level. Th ratio (0Á02124) of 44069 monazite was not reported by Aleinikoff et al. (2006) , but was calculated based on the ID-TIMS concordia age (424Á86 Ma), assuming (1) no common Pb contribution and (2) that the U-Pb and Th-Pb isotopic ages of 44069 monazite are identical. The first assumption is justified Parameters calculated for clusters of connected pixels (¼ monazite grains) approximated by an ellipse that has the same normalized second central moments. SD is 1r standard deviation. Major axis length is long axis of the ellipse; equivalent diameter is diameter of a circle with the same area as the cluster of connected pixels; aspect ratio is long axis/short axis of the ellipse. Error on oxide contents is 1r relative; error on age is 2r absolute. n.d., not detected; Chem crit., chemical criterion, (Ca Table 3 ; all analyses are reported in Supplementary Data Electronic Appendix 3.
U-Pb monazite analyses by LA-ICP-MS
Oxides (wt %) ThO 2 0Á66 0Á6 0 Á85 0Á5 1 Á01 0Á6 1 Á88 0Á6 0 Á74 0Á6 2 Á87 0Á6 8 Á76 0Á6 5 Á08 0Á6 2 Á60 0Á6 6 Á82 0Á6 5 Á49 0Á6 4Á86 0Á6 UO 2 0Á00 0Á0 0 Á25 1Á3 0 Á03 6Á3 0 Á10 2Á8 0 Á04 6Á1 0 Á11 2Á4 0 Á36 1Á1 0 Á51 1Á0 0 Á08 3Á0 0 Á39 1Á1 0 Á64 0Á9 0Á17 1Á8 PbO n.d. - n.d. - 0Á0029 31Á6 0 Á0022 25Á2 n.d. - 0Á0064 16Á6 0 Á0270 5Á4 0 Á0208 7Á3 0 Á0013 31Á7 0 Á0239 6Á0 0 Á0294 5Á3 0Á0147 8Á7 Y 2 O 3 1Á39 0Á5 1 Á76 0Á5 1 Á05 1Á0 1 Á35 1Á0 2 Á08 0Á4 1 Á30 1Á0 1 Á47 1Á0 1 Á57 1Á0 0 Á67 1Á2 1 Á86 0Á9 3 Á16 0Á9 1Á94 0Á9 CaO 0Á41 0Á4 0 Á26 0Á6 0 Á35 0Á6 0 Á44 0Á5 0 Á23 0Á6 0 Á46 0Á5 1 Á57 0Á3 0 Á85 0Á4 0 Á20 0Á9 1 Á23 0Á3 1 Á17 0Á3 0Á23 0Á9 S n.d. - 0Á00 7Á4 0 Á00 81Á6 n.d. - 0Á01 4Á6 0 Á00 34Á7 0 Á00 10Á1 0 Á00 13Á8 0 Á00 34Á6 0 Á00 42Á2 0 Á00 26Á4 0Á00 28Á3 SiO 2 0Á33 1Á0 1 Á48 0Á4 0 Á14 3Á1 0 Á53 1Á4 0 Á10 2Á1 0 Á28 2Á1 0 Á60 1Á4 0 Á39 1Á7 0 Á53 1Á5 0 Á33 1Á9 0 Á19 2Á6 1Á04 1Á0 K 2 O 0 Á02 4Á3 0 Á18 0Á8 0 Á05 2Á6 0 Á07 1Á7 0 Á01 9Á9 0 Á08 1Á6 0 Á02 6Á6 0 Á01 9Á2 0 Á08 1Á7 0 Á03 3Á7 0 Á04 2Á9 0Á03 4Á4 Nb 2 O 5 n.d. - n.d - n.d. - n.d. - n.d. - n.d. - 0Á02 33Á4 n.d. - n.d. - 0Á01 66Á3 n.d. - n.d. -Laþ Si)/(Th þ UþPb þ S) atomic
U-Pb zircon analyses by LA-MC-ICP-MS
Zircon grains separated from sample RK11 were analyzed at Kyoto University using a NWRFemto laser (ESI, Portland, US) with a 5 mm spot diameter. The ablated material was carried to a multi-collector ICP-MS system (Nu PlasmaII) for monitoring Th and 238 U. Unknown sample analyses were bracketed by three measurements of 91500 zircon (Wiedenbeck et al., 1995) and three of NIST SRM 610 glass (Pearce et al., 1997; Jochum et al., 2011) for normalization (see Supplementary Data Electronic Appendix 1). Secondary standard analyses of AS3 zircon (1099Á1 6 0Á2 Ma, concordia age by ID-TIMS; Schmitz et al., 2003) and OD3 zircon (32Á853 6 0Á016 Ma, 206 Pb/ 238 U age by ID-TIMS; Luká cs et al., 2015) yielded the following weighted average ages: AS3 (n ¼ 42)
207 Pb/ 235 U age ¼ 32Á81 6 0Á77 Ma (MSWD ¼ 2Á80). Error calculations used the standard deviation (SD, 2r level) and age calculations were carried out using Isoplot 3.76 (Ludwig, 2004 Table 4 .
Whole-rock geochemical data
Hand specimens of at least 1 dm 3 in volume were crushed and powdered in a tungtsen carbide mill before major and trace element analysis by ICP emission spectroscopy and ICP mass spectrometry (Bureau Veritas Commodities Canada Ltd). The results of whole-rock (WR) analyses are presented in Table 5 . Whole-rock molar ratios (Ce/Th RKX , Ce/Y RKX , Th/U RKX ) were calculated for comparison with those of the different monazite domains.
MONAZITE TEXTURE AND COMPOSITION
Origin of the metamorphic section, sample RK0 Sample RK0 (northern Chl-Bt zone) was used as the starting point of the studied section because it contains more allanite than monazite. Allanite appears as relatively large (50-100 mm in length), partially replaced grains in the mica-rich layers ( Fig. 3a and b) . The dismembered allanite grains yield weak Th peaks (on energy-dispersive spectra) and are locally surrounded by aggregates of skeletal monazite (a few microns in width). The allanite-monazite reaction textures involve Ilm and an Al-Si 6 Fe phase ( Fig. 3b) for which a few quantitative analyses (n ¼ 3, normalized to eight cations) approach the composition of the clay mineral ferri-
with traces of Ca and P; they are surrounded by Ms, Bt, Chl and Ab ( Fig. 3a and b) . Sample RK0 contains large ($50 mm in diameter) and irregular zircon and xenotime grains, which, given the low metamorphic grade, are considered as detrital in origin.
Chl-Bt and Bt zones, samples RK1 and RK2
In both samples monazite forms aggregates ($100 mm in length) of irregular grains that occur in the mica-rich layers and lie parallel to the main foliation. Some aggregates preserve subhedral outlines; they show monazite clusters around large quartz or plagioclase and within micas ( Fig. 3c and d ). Minute allanite relicts are found only inside quartz and plagioclase. In RK1 monazite aggregates are composed of numerous tiny grains (> 30 grains, 2 mm mean equivalent diameter; Table 1 ) locally in contact with ilmenite (overgrowing rutile), apatite and rare xenotime, and are surrounded by muscovite, biotite and minor chlorite (Fig. 3c) . In RK2 the aggregates have slightly larger grains (> 20 grains, 3 mm mean equivalent diameter; Table 1 ) associated with xenotime ( Fig. 3d ) and rare apatite, and are in contact with micas and plagioclase. Both samples preserve anhedral xenotime isolated in the matrix, next to quartz or micas.
X-ray maps reveal patchy zoning at the scale of both single monazite grains and monazite aggregates ( Fig. 4a and b) . Individual grains show micrometerscale, Th-rich patches and a rather homogeneous Y content (Fig. 4b) . Conversely, the variation of Y content between grains of a given aggregate defines diffuse Y-rich zones that coincide with xenotime occurrences (Fig. 4a) . In both RK1 and RK2, the small size of monazite commonly led to mixed analyses involving the adjacent silicate phase. Only a few spots are unaffected by the surrounding minerals and indicate that ThO 2 (< 3Á40 wt %) and UO 2 (< 0Á40 wt %) are low whereas Y 2 O 3 (1Á23-2Á12 wt %) and Ce/Y Mnz (9-21) vary (Table 2) .
Ms-Crd zone, samples RK3 and RK4
Monazite mostly occurs as clusters of $2-5 grains in which a relatively large grain ($20 mm in diameter) is surrounded by tiny ones (Table 1 ). The larger grains have a rounded or skeletal morphology and are riddled with rounded or lobate inclusions of Qtz, Pl, Bt, Ilm, Gr, Ap, Zrn and Xtm ( Fig. 3e and f) . Monazite clusters occur around large quartz or plagioclase grains, are surrounded by micas and are commonly in contact with apatite (mostly in RK3) and xenotime. Minute allanite relicts are found only inside quartz ( Fig. 3e and f) . Some monazite aggregates of $10 tiny grains are locally observed in RK3.
In both RK3 and RK4, X-ray maps reveal patchy zoning within the large monazite grains. Monazite is 0Á01  82Á54  68Á47  89Á22  76Á02  64Á02  63Á71  75Á72  79Á17  77Á69  58Á58  76Á47  Al 2 O 3  0Á01  7Á24  16Á73  4Á48  11Á24  17Á16  19Á12  13Á23  10Á88  9Á90  17Á08  10Á74  Fe 2 O 3  0Á04  3Á14  4Á03  2Á30  3Á68  5Á33  5Á41  2Á79  3Á14  4Á31  5Á75  3Á79  MgO  0Á01  1Á44  1Á73  0Á79  1Á21  1Á76  1Á89  0Á97  1Á18  2Á19  2Á50  1Á40  CaO  0Á01  0Á28  0Á28  0Á09  1Á42  1Á03  1Á06  0Á68  0Á39  0Á24  1Á40  0Á22  Na 2 O  0 Á01  0Á38  0Á65  0Á31  2Á53  2Á35  2Á06  1Á91  1Á23  0Á59  2Á69  1Á24  K 2 O  0 Á01  1Á67  5Á15  1Á07  1Á66  4Á59  4Á43  3Á79  2Á56  2Á89  4Á39  4Á50  TiO 2  0Á01  0Á35  0Á36  0Á22  0Á40  0Á76  0Á77  0Á31  0Á31  0Á51  0Á74  0Á44  P 2 O 5  0Á01  0Á18  0Á06  0Á07  0Á11  0Á11  0Á10  0Á05  0Á05  0Á11  0Á07  0Á06  MnO  0Á01  0Á64  0Á04  0Á03  0Á04  0Á06  0Á07  0Á14  0Á11  0Á04  0Á13 
4 8 Á5 6 6 Á8 2 Á2 Z n 1 5 8 7 2 5 1 4 9 9 4 8 1 6 3 6 0 7 5 1 2 6 8 6 Sm  0Á05  3Á28  7Á49  2Á89  3Á87  6Á20  6Á20  5Á79  3Á66  4Á51  7Á00  4Á86  Eu  0Á02  0Á65  1Á01  0Á61  0Á87  1Á18  1Á16  0Á67  0Á73  0Á78  1Á32  0Á56  Gd  0Á05  3Á18  7Á49  3Á07  3Á71  5Á15  5Á47  4Á59  3Á11  4Á15  6Á82  4Á17  Tb  0Á01  0Á51  1Á30  0Á47  0Á59  0Á78  0Á81  0Á68  0Á49  0Á67  1Á00  0Á65  Dy  0Á05  3Á15  7Á44  2Á73  3Á04  4Á41  4Á87  3Á38  2Á61  3Á95  4Á90  3Á68  Ho  0Á02  0Á69  1Á49  0Á58  0Á56  0Á94  0Á91  0Á63  0Á48  0Á77  0Á78  0Á77  Er  0Á03  2Á07  3Á93  1Á57  1Á66  2Á45  2Á97  1Á84  1Á42  2Á22  1Á90  2Á20  Tm  0Á01  0Á29  0Á64  0Á21  0Á23  0Á42  0Á42  0Á27  0Á22  0Á35  0Á24  0Á33  Yb  0Á05  1Á96  3Á74  1Á26  1Á58  2Á76  2Á89  1Á80  1Á54  2Á14  1Á49  2Á37  Lu  0Á01  0Á34  0Á57  0Á22  0Á24  0Á42  0Á41  0Á28  0Á22  0Á34  0Á22  0Á38 Total Fe expressed as Fe 2 O 3 ; LOI, loss on ignition; d.l., detection limit. homogeneously Th-U-poor but Th-U-rich patches are locally present at the outermost rim ( Fig. 4c and d ). Y shows a patchy distribution regardless of the presence of xenotime (Fig. 4d) , and slightly decreases in the Th-U-rich patches (Fig. 4c) . Because of the small size of monazite grains and domains, mixed analyses are common and it is impossible to distinguish between the Th-U-poor and -rich parts. A few analyses have low ThO 2 (< 2Á25 wt %) and UO 2 (< 0Á56 wt %) contents with variable Y 2 O 3 (0Á98-2Á14 wt %) and Ce/Y Mnz (9-20) (Table 2) .
Kfs-Crd zone, samples RK5 and RK6
In sample RK5, monazite occurs as rounded or anhedral single grains (29 mm mean equivalent diameter; Table 1 ) with numerous cracks and a few inclusions of graphite, plagioclase and biotite. Monazite is rarely included in andalusite, plagioclase or cordierite; it is mostly observed next to quartz, plagioclase and biotite in the matrix (Fig. 3g) , and in zones of pinitized cordierite.
From the Kfs-Crd zone onwards, zircon grains exhibit a dark core surrounded by a thin brighter rim ($3 mm in width) on BSE images; the dominant core is presumably a detrital relict whereas the rim overgrowths are considered as metamorphic in origin. Monazite is locally in contact with bright zircon rims. Two distinct domains are revealed by BSE images in both matrix and included monazite. A dark core (Ia) riddled with tiny holes or inclusions is locally associated with peripheral, very bright patches (Ib) and is in turn surrounded by a homogeneously bright rim (II) (Fig. 3g) . Cracks, when present, do not affect the BSE zoning pattern. X-ray maps of RK5 monazite grains confirm the presence of two domains ( Fig. 4e and f) . The monazite core is dominantly Th-U-Y-poor (Ia) with micrometre-scale Th-U-rich patches (Ib) mostly located in its outer part (Fig. 4e) . The monazite rim is a homogeneous, relatively Th-U-Y-rich (II) overgrowth with a subhedral outline (Fig. 4f) . Monazite composition varies from low ThO 2 (< 3Á76 wt %), UO 2 (< 0Á53 wt %) and Y 2 O 3 (1Á10-1Á83 wt %) in domain Ia to higher contents (ThO 2 ¼ 5Á08-6Á44 wt %; UO 2 ¼ 0Á51-0Á80 wt %; Y 2 O 3 ¼ 1Á57-2Á57 wt %) in domain II; ThO 2 in domain Ib can reach $9 wt % (Table 2 ). Figure 5 compares the molar ratios of the successive monazite domains with those derived from WR analyses. Ce/Th Mnz , Ce/Y Mnz and Th/U Mnz in domain Ia span a wide range of values higher than the corresponding WR ratios of sample RK5 (Fig. 5a ). Mixed analyses of Ia and Ib indicate a similar trend, except for Ce/Th Mnz , which decreases to a narrow range (4-14). All ratios decrease in domain II (Fig. 5a) ; Ce/Th Mnz (7-8) and Th/U Mnz (8-10) drop and approach the corresponding WR ratios (Ce/Th RK5 ¼ 9; Th/ U RK5 ¼ 6), whereas Ce/Y Mnz remains relatively high (7-12).
In RK6, monazite occurs as single matrix grains (21 mm mean equivalent diameter; Table 1) close to plagioclase and micas. It is rarely included in plagioclase, sillimanite porphyroblasts and ilmenite, and is locally in contact with xenotime or zoned zircon. Monazite is generally rounded but several grains showing a jagged outline are surrounded by fine-grained Aln (Fig. 3h) , Ap, Ilm and Chl. A two-stage zoning pattern similar to that observed in sample RK5 is weakly visible on BSE images; a dark core and very bright patches (Ia and Ib) are surrounded by a homogeneous rim (II) (Fig. 4g) . In some grains the original concentric zoning pattern is cross-cut by narrow bright zones associated with numerous holes (Fig. 4h) .
X-ray maps show that only some monazite grains preserve a small and irregular, Th-U-Y-poor core (Ia) locally associated with Th-rich patches (Ib) (Fig. 4g) . These domains are surrounded by anhedral to subhedral, Th-U-Y-rich rims (II) that may show U enrichment in the outer part (Fig. 4h) . The dominant Th-U-Y-rich domains are cross-cut by secondary (S) zones enriched in Th and depleted in U-Y (Fig. 4h) . The ThO 2 and UO 2 contents increase from domain Ia (ThO 2 < 3Á23 wt %; UO 2 < 0Á21 wt %) to domain Ib (ThO 2 ¼ 4Á67-8Á14 wt %; UO 2 ¼ 0Á22-0Á80 wt %) and remain relatively high in domain II (ThO 2 ¼ 4Á85-6Á73 wt %; UO 2 ¼ 0Á44-2Á05 wt %). The rather low Y 2 O 3 content in domains Ia and Ib (0Á67-1Á97 wt %) increases in domain II (1Á78-3Á58 wt %). Both UO 2 ($0Á19 wt %) and Y 2 O 3 ($1Á95 wt %) are lowered in the secondary zones ( Table 2 ). The few Ce/Th Mnz , Ce/ Y Mnz and Th/U Mnz ratios available for domain Ia are higher than the WR ratios of RK6 but decrease in domain Ib, except for Th/U Mnz (Fig. 5b) . All ratios in domain II (Ce/Th Mnz ¼ 6-9; Ce/Y Mnz ¼ 4-10; Th/U Mnz ¼ 3-13) lie close to the WR values (Ce/Th RK6 ¼ 9; Ce/Y RK6 ¼ 2; Th/ U RK6 ¼ 3), whereas a marked increase of Ce/Y Mnz and Th/U Mnz is visible in the secondary zones (Fig. 5b) .
Sil-Kfs zone, sample RK7
Monazite forms large and variably elongated (up to 200 mm in length; Table 1 ) matrix grains with varying morphologies. Some euhedral grains lie at the interface between quartz, plagioclase and micas, but most grains are rounded to irregularly shaped and occur within mats of sillimanite or retrograde muscovite ( Fig. 6a  and b) . Monazite is locally in contact with Gr, Zrn or Xtm, and includes Sil, Qtz and rare Zrn (Fig. 6a and b) . Matrix xenotime ($60 mm in diameter) hosts rare sillimanite inclusions and occurs in direct contact with, or close to, monazite in the sillimanite mats (Fig. 6a) . Tiny xenotime and apatite grains are rarely observed inside garnet. Variable zoning patterns are revealed by BSE images; the systematic succession involves a dark core (Ia) surrounded by bright zones or annuli (Ib), followed by euhedral overgrowths of a bright inner rim (II) and a slightly darker outer rim (III) (Fig. 6b) .
X-ray maps show that monazite core (Ib) corresponds mostly to a Th-rich inner part locally surrounded by euhedral Th-poor, U-rich annuli ( Fig. 7a  and b) . Th-U-Y-poor cores (Ia) are rare and limited to a few microns in width (Fig. 7b) . Monazite rims are formed by euhedral overgrowths of a dominant U-rich inner part (II) and a U-poor outer part (III) (Fig. 7a and b) . Y is almost homogeneously distributed from domain Ib to III. Sillimanite inclusions are scarce in domain II and mainly cluster at the boundary between domains II and III (Fig. 7b) . Tiny zircon inclusions are observed in the outer part of domain II, whereas larger matrix zircon is in contact with domain III only (Fig. 7a) . ThO 2 shows scattered and relatively high values in domain Ib (6Á78-16Á84 wt %), and a more limited range in domains II and III (6Á81-10Á25 wt %). UO 2 is variable in domain Ib (0Á35-1Á39 wt %), markedly increases in domain II (1Á03-1Á69 wt %) and becomes low in domain III (0Á47-0Á90 wt %). Y 2 O 3 shows no systematic variation and clusters at 2Á5-3Á5 wt % ( (Fig. 8a) ; Ce/Th Mnz (2-6) lies close to the WR ratio (Ce/Th RK7 ¼ 5), whereas Ce/Y Mnz (4-7) is consistantly higher (Ce/Y RK7 ¼ 2). Th/U Mnz spans a wide range of relatively high values in domains Ib and III, but closely approaches the WR ratio (Th/U RK7 ¼ 7) in domain II (Fig. 8a) .
Grt-Crd zone, fine-grained samples RK8 and RK9
In sample RK8, monazite occurs as subhedral grains (20 mm mean equivalent diameter; Table 1) at the rim of variably pinitized cordierite, inside biotite, in plagioclaserich domains or more rarely as tiny inclusions in sillimanite. It is locally in contact with graphite, ilmenite and zoned zircon (Fig. 6c) . Large xenotime (20-50 mm in diameter) is common in pinite or matrix biotite; it lies close to apatite, in contact with zoned zircon and ilmenite, and rarely includes monazite. Monazite is homogeneous with only a few grains showing tiny BSE-dark patches (Ia) surrounded by brighter domains (II) (Fig. 9a) .
X-ray mapping indicates that monazite in sample RK8 has a nearly homogeneous composition. Apart from rare tiny cores with low Th-U-Y (Ia) (Fig. 9a) , monazite mostly shows a single, subhedral domain (II) with limited compositional variations (ThO 2 ¼ 7Á50-8Á86 wt %; UO 2 ¼ 0Á49-0Á98 wt %; Y 2 O 3 ¼ 2Á89-3Á56 wt %; Table 2 ). With respect to the WR ratios of RK8 (Ce/ Th RK8 ¼ 6; Ce/Y RK8 ¼ 2; Th/U RK8 ¼ 8), domain II has a similar Ce/Th Mnz (4-6), higher Ce/Y Mnz (5-6) and variable but compatible Th/U Mnz (8-16).
In sample RK9, monazite occurs as subhedral grains (18 mm mean equivalent diameter; Table 1 ) included at the rim of cordierite porphyroblasts (Fig. 6d) or within matrix biotite. Monazite commonly occurs next to zircon or includes it (Figs 6d and 9b) . Matrix monazite is in contact with Qtz, Kfs, Gr and Ap whereas monazite inclusions in cordierite are locally associated with tiny xenotime grains. Monazite BSE images reveal the presence of small dark cores (Ia) surrounded by larger bright domains (II) (Fig. 9b) .
X-ray mapping indicates that some monazite grains in RK9 preserve a small Th-U-Y-poor core (Ia) locally surrounded by a U-rich domain (Ib), both being overgrown by a dominant Y-rich euhedral rim (II) (Fig. 9b) . ThO 2 (< 5 wt %) and UO 2 (< 0Á65 wt %) are low in domain Ia and increase towards domains Ib and II (ThO 2 ¼ 3Á46-6Á39 wt %; UO 2 ¼ 0Á3-0Á87 wt %). Low to intermediate Y 2 O 3 in domains Ia and Ib (1Á60-3Á09 wt %) markedly increases in domain II (3Á31-4Á03 wt %; Table 2 ). From core to rim, Ce/Th Mnz and Ce/Y Mnz tend to approach the corresponding WR ratios, whereas Th/U Mnz gradually diverges from the WR ratio (Fig. 8b) . Ce/Th Mnz is variable in domain Ia and becomes close to the WR ratio (Ce/ Th RK9 ¼ 9) in domains Ib and II (Ce/Th Mnz ¼ 6-13). Ce/Y Mnz approaches the WR ratio (Ce/Y RK9 ¼ 2), but remains higher (>4). Domain II, which is commonly in contact with zircon, is characterized by Th/U Mnz (10-16) values much higher than the WR ratio (Th/U RK9 ¼ 7).
Grt-Crd zone, coarse-grained samples RK10 and RK11
In sample RK10, monazite forms large (34 mm mean equivalent diameter; Table 1 ), anhedral to rounded grains in the biotite-rich matrix (melanosome). Monazite is entirely included in biotite or in contact with matrix quartz, feldspars and retrograde muscovite after cordierite (Fig. 6e) ; several grains were probably located inside or along the rim of former cordierite porphyroblasts. Monazite is commonly associated with zoned zircon and rarely shows a ragged outline next to small Aln, Rt, Ap and Ms (Fig. 6f) . Two major domains are revealed by BSE images; a dark part riddled with holes (Ia) is overgrown by a dominant brighter rim (II) of variable width (Figs 6e and 9c, d) .
In RK10, X-ray mapping shows that small and irregular Th-U-Y-poor zones (Ia), locally surrounded by Th 6 U-rich patches (Ib), are preserved in monazite cores ( Fig. 9c and d) . Monazite rim (II) is dominant; it shows euhedral growth zones enriched or depleted in U, and with weakly decreasing Th and increasing Y towards the rim. Zircon is commonly in contact with the U-depleted parts of domain II (Fig. 9d) . ThO 2 is low in domain Ia (< 5Á70 wt %), increases in domain Ib (5Á14-14Á29 wt %) and shows a slightly narrower range in domain II (5Á11-9Á04 wt %). Y 2 O 3 does not exceed 2Á68 wt % in domain Ia but is higher in domains Ib and II (2Á67-3Á74 wt %). UO 2 is low in domain Ia (< 0Á51 wt %), increases in domain Ib (0Á43-0Á78 wt %), and shows high values (0Á5-0Á9 wt %) with a few lower ones (0Á3-0Á45) in domain II (Table 2) . Ce/Th Mnz and Ce/Y Mnz in domain Ia are variable, but they show a narrower range and approach the WR ratios in domains Ib and II (Fig. 8c) ; Ce/Th Mnz (3-12) becomes similar to the WR ratio (Ce/Th RK10 ¼ 8), whereas Ce/Y Mnz (4-6) remains slightly higher (Ce/Y RK10 ¼ 3). Th/U Mnz lies close to the WR ratio (Th/U RK10 ¼ 8) in domain Ia and diverges from it in domain Ib. Statistically, Th/U Mnz in domain II does not differ from the WR ratio, but the spread towards higher values (note the larger scale compared with other samples) can be attributed to the presence of Udepleted parts in domains II (Fig. 8c) .
In sample RK11, monazite occurs as large (38 mm mean equivalent diameter; Table 1 ) matrix grains between quartz, feldspars, biotite and cordierite. Tiny monazite and xenotime grains are rarely found in the inclusion-rich core of garnet porphyroblasts, whereas larger monazite grains are partly included at the garnet rim (Fig. 6g) or entirely trapped in the inclusion-poor rim of cordierite. Inclusions in monazite are Qtz, Bt and Kfs, with possible Ab and Crd (Fig. 6h) ; some rounded inclusions ($10 mm) yield weak Na, K or Al peaks with high Si. Zircon lies next to or inside monazite (Fig. 9f) . Up to four successive domains can be defined from BSE images, although most grains rarely show more than two. A small, rather dark core with bright patches (I) is surrounded by dark (II) and bright (III) parts, and by a dark outermost rim (IV) of variable width (Fig. 9e) .
In a very limited number of grains X-ray mapping reveals the presence of four domains (Fig. 9e) , with a Th-U-Y-poor core (I) successively surrounded by a Th-U-Y-rich part (II), a U-Y-poor inner rim (III) and a U-Y-rich outer rim (IV). Most grains lack domain I and exhibit the dominant domain II, which is associated with sector or oscillatory zoning, and Y decrease towards the rim (Fig. 9f and g ). Zircon inclusions are observed in domain III whereas matrix zircon is in contact with domains III and IV. Domain I is a mixture of low (< 5Á17 wt %) and high ($9Á9 wt %) ThO 2 zones, with up to 1 wt % UO 2 and 1Á24-2Á43 wt % Y 2 O 3 (Table 2) . From domain II to IV, ThO 2 (3Á36-9Á55 wt %) and UO 2 (0Á39-3Á61 wt %) vary regardless of monazite zoning, whereas Y 2 O 3 is relatively high in domain II (1Á22-4Á14 wt %) and significantly drops in domain III (0Á83-1Á70 wt %). Ce/Th Mnz (7 on average) and Th/U Mnz (7-8 on average) in domains II and III are nearly similar to the corresponding WR ratios (Ce/Th RK11 ¼ 7; Th/U RK11 ¼ 5), but Th/U Mnz slightly increases in domain III (Fig. 8d) . Whereas Ce/Y Mnz in domain II (7 on average) approaches the WR ratio (Ce/Th RK11 ¼ 2), it strongly departs from it in domain III (11 on average) (Fig. 8d) .
MONAZITE AND ZIRCON GEOCHRONOLOGY Monazite geochronology by EMP
Monazite analyses in the low-grade Chl-Bt, Bt and MsCrd zones (samples RK1, RK2 and RK4) generally show PbO contents below the detection limit of the EMP ($10 ppm). Although some Pb could be detected in RK3 monazite grains, no spot meets the chemical criterion; that is, all results show (Ca þ Si)/(Th þ UþPb þ S) ratios outside the range 0Á9-1Á1. In both samples from the KfsCrd zone, only a few analyses satisfy the chemical criterion. For RK5, eight valid spots are associated with beam damage and their Th-U-Pb dates range from 79 to 46 Ma (6 16 Ma). Out of 28 analyses meeting the chemical criterion in RK6, seven non-damaged spots (domain II) preserve Th-U-Pb dates ranging from 93 to 71 Ma (6 10 Ma).
In sample RK7 (Sil-Kfs zone), 115 spots meet the chemical criterion. The analyses of domains I and III clearly have lower U/Pb ratios than those of domain II, but most non-damaged spots from all domains cluster between the 90 and 80 Ma isochrons, whereas damaged ones tend to be younger than 80 Ma (Fig. 10a) . Using non-damaged spots, the weighted means of Th-U-Pb dates for domain I (83 6 1Á5 Ma; MSWD ¼ 0Á92; n ¼ 16), domain II (82Á5 6 2 Ma; MSWD ¼ 1Á06; n ¼ 12) and domain III (82Á5 6 5Á5 Ma; MSWD ¼ 2Á70; n ¼ 6) are similar within error, suggesting that all domains preserve a single population of EMP dates. All non-damaged spots (domains I, II, III and two mixed spots) were used to calculate a weighted average Th-U-Pb age of 83 6 1 Ma (MSWD ¼ 1Á30; n ¼ 36), which agrees with the weighted average Th-U-Pb age calculated in the U/Pb vs Th/Pb diagram (83Á5 6 1 Ma; MSWD ¼ 1Á30).
Monazite in sample RK8 (Grt-Crd zone) yielded 14 analyses that meet the chemical criterion, and only two non-damaged spots with Th-U-Pb dates of 80 and 88 Ma (6 9 Ma). For sample RK9, 32 analyses that satisfy the chemical criterion mostly plot between the 90 and 80 Ma isochrons, although domains I and II have different U/Pb ratios (Fig. 10b) . Rejecting one young result (1-023, 65 6 9 Ma), non-damaged spots from domains I and II yield a weighted average Th-U-Pb age of 85Á5 6 2Á5 Ma (MSWD ¼ 0Á97; n ¼ 14).
In sample RK10 (Grt-Crd zone), 147 monazite analyses meet the chemical criterion. The analyses from domains I and II, respectively, show a narrow and wide compositional range, but most non-damaged spots from both domains cluster between the 90 and 80 Ma isochrons, whereas damaged ones are younger than 80 Ma (Fig. 10c) . Rejecting the old and young outliers, domain I (83Á5 6 3 Ma; MSWD ¼ 1Á8; n ¼ 13) and domain II (82 6 2 Ma; MSWD ¼ 2Á7; n ¼ 39) analyses yield compatible weighted average Th-U-Pb ages with relatively high MSWDs that reflect the important data spread, especially for domain II (Fig. 10c) . The MSWD is not improved when all non-damaged spots (from domains I, II and six mixed spots) are used to calculate a weighted average Th-U-Pb age of 82Á5 6 1Á5 Ma (MSWD ¼ 2Á7; n ¼ 58).
In sample RK11 (Grt-Crd zone), 143 analyses meet the chemical criterion but only 45 spots, mostly from domain II, show no damage and cluster between 90 and 80 Ma (Fig. 10d) . Conversely, analyses from domain III are almost always affected by beam damage and are younger than 80 Ma (Fig. 10d) . Only non-damaged analyses from domain II (n ¼ 39) were used to calculate a weighted average Th-U-Pb age of 81Á5 6 2 Ma (MSWD ¼ 2Á2), compatible with that calculated in the U/ Pb vs Th/Pb diagram (82Á5 6 2 Ma; MSWD ¼ 2Á1). The relatively high MSWDs reflect the tendency for some low U/Pb spots to yield younger dates (Fig. 10d) .
Monazite geochronology by LA-ICP-MS Sample RK6
A total of 13 in situ analyses were obtained from five grains; concordant analyses with respect to the (Fig. 11a) (Fig. 12a) .
Sample RK7
A total of 22 in situ analyses were obtained from seven grains, and 238 U-235 U concordant analyses give 206 Pb/ 238 U dates ranging from 111 6 8 to 916 3 Ma (Fig. 11b) (Fig. 12b) .
Sample RK10
A total of 17 in situ analyses were obtained from eight grains; 238 U-235 U concordant analyses give 206 Pb/ 238 U dates ranging from 94 6 5 to 86 6 4 Ma (Fig. 11c) and show limited 238 U-232 Th discordance. Only one spot (11.11) from domain I is concordant in the 238 U-235 U system and yields 90 6 6 Ma. This result is similar within error to the three 238 U-235 U concordant analyses (11.10, 11.7 and 11.12) from domain II, which gave 94 6 5 Ma, 89 6 5 Ma and 86 6 4 Ma respectively. Results from monazite 10 highlight that domains I and II preserve nearly identical ages (Fig. 12c) . U concordant analyses range from 104 6 9 to 94 6 6 Ma (Fig. 11d) , but only the two spots at 95 6 5 Ma (7.12) and 94 6 6 Ma (7. U-235 U concordant spot (3.14) from domain I yields 88 6 4 Ma, two spots (3.12 and 3.5) from domain II give 85 6 4 Ma and 83 6 3 Ma respectively, and two spots (3.11 and 3.9) from domain IV give 92 6 3 Ma and 83 6 3 Ma respectively (Fig. 11e ).
Sample RK11
Summary
Monazite isotopic data for all samples are presented in Fig. 11f Zircon geochronology in the highest-grade GrtCrd zone U-Pb zircon dating was carried out for one sample from the highest-grade Grt-Crd zone. Zircon grains were observed and separated from sample RK11 in which the overall large grain size facilitates the observation of textural relationships and zircon zoning patterns. Zircon (50-100 mm in length) is found as inclusions in garnet, in the inclusion-poor rim of cordierite porphyroblasts ( Fig. 13a and b) and along the boundaries of matrix minerals. Cathodoluminescence (CL) images reveal that CLbright or oscillatory-zoned cores with an irregular shape are overgrown by euhedral rims (Fig. 13c and d) including Qtz, Ap, Sil, Kfs, Mnz and tiny Si-rich phases. On BSE images the core-rim boundary is a bright zone riddled with rounded, Si-rich inclusions (Fig. 13a-d) . Towards the edge, the CL pattern of zircon rims is successively black, slightly brighter with faint oscillatory zoning and finally dark. Sillimanite inclusions are observed in the bright rim parts (Fig. 13d) .
A total of 20 analyses yielded 13 Cretaceous and seven older dates. They are clearly distinguished based on Th/U mass ratios that are lower than 0Á2 for Cretaceous domains and higher than 0Á4 for older ones (Table 4) (Fig. 13e) . The CL-bright, sillimanite-bearing rims yield 206 Pb/ 238 U dates of 103-100 Ma, whereas the CL-dark outermost rims tend to be younger at c. 97 Ma (Fig. 13d) . Given the typical uncertainty of 4-5 Ma on Cretaceous spots, zircon rim analyses are considered as a single population; five concordant spots are used to calculate a weighted average 206 Pb/ 238 U age of 102 6 1 Ma with an MSWD (2Á30) in agreement with a data spread owing to analytical uncertainties only (< 2Á63 for n ¼ 5; Wendt & Carl, 1991) .
WHOLE-ROCK GEOCHEMISTRY
The whole-rock composition of metasedimentary samples was analyzed to identify variations in major and trace element contents along the metamorphic field gradient. The major element WR composition shows no correlation with metamorphic grade; within the same metamorphic zone samples can have a range of SiO 2 , Al 2 O 3 or K 2 O contents that rather reflect the relative proportions of quartz and phyllosilicates inherited from the sedimentary protoliths (Fig. 14a) . Al 2 O 3 and K 2 O exhibit similar variations except for the highest-grade sample RK11 in which potassium, mostly present in the Kfsbearing leucosomes, might partly have an external origin. P 2 O 5 and the CaO/Na 2 O ratio show no systematic changes. The sum of rare earth elements [RREE, accounted for by Ce at $44% and by LREE (Ce to Eu) at $90%; Table 5 ] and the Th, U and Y contents are generally correlated with that of Al 2 O 3 ; aluminous samples U date 6 2r error (Ma) (concordance %). One BSE image is added to illustrate the presence of Sil, Ap and Si-rich inclusions at the zircon rim (scale bar represents 10 mm). (e) Concordia diagram with concordant (grey ellipses) and discordant (dashed ellipses) isotopic data for Cretaceous domains.
tend to be richer in REE, Th, U and Y but the correlation becomes weaker above the Sil-Kfs zone, especially for Y and U (Fig. 14a) .
There is no visible correlation between the trace element WR content and monazite grain size, except maybe for the Grt-Crd zone samples (Fig. 14) . The evolution of monazite grain size with increasing metamorphic grade exhibits two thresholds. Leaving apart sample RK7, which contains centimetre-size sillimanite porphyroblasts, monazite equivalent diameter increases (1) significantly between the Ms-Crd and KfsCrd zones, and (2) moderately between fine-grained and coarse-grained samples from the Grt-Crd zone (Fig. 14b) . Kfs-Crd zone samples (RK5 and RK6), in which the monazite equivalent diameter is 21-29 mm, are richer in REE than Ms-Crd zone samples (RK3 and RK4; 6-7 mm equivalent diameter), but show similar or lower REE contents compared with Chl-Bt and Bt zone samples in which monazite diameter hardly exceeds 2-3 mm. Similarly, coarse-grained samples from the Grt-Crd zone (RK10 and RK11) are slightly richer in REE than the fine-grained ones (RK8 and RK9) from the same zone, but they are not enriched in REE with respect to samples from the lower-grade zones (Fig. 14a) .
MONAZITE BEHAVIOUR DURING METAMORPHISM
The following discussion considers that temperature increase is the main factor controlling monazite petrogenesis, and therefore approximates the exposed metamorphic field gradient as a nearly continuous, virtual P-T path. There are several observations indicating that the gradient is actually a composite and diachronous feature; it is thought to be a nested set of hairpin P-T loops (Brown, 1998) in which each metamorphic zone had a thermal history of variable age and duration (Skrzypek et al., 2016) .
Monazite nucleation and growth Stage 1: monazite nucleation
In the low-grade Chl-Bt and Bt zones, monazite coexisting with apatite and xenotime forms large subhedral aggregates around quartz grains hosting allanite ( Fig. 3c and d) . The subhedral shape and compositional zoning (especially in Y) of monazite aggregates ( Fig. 4a  and b ) strongly suggest that new metamorphic monazite formed by using REE originally present in allanite and P from apatite. Several reactions have been proposed to account for monazite growth after allanite; most of them involve anorthite production and quartz consumption (e.g. Wing et al., 2003; Janots et al., 2008) . However, Ca-rich plagioclase grains or overgrowths were not observed in our samples and the preservation of metastable allanite in large quartz grains does not support a SiO 2 -consuming reaction. In the present case, the monazite-forming reaction should therefore be of the type allanite (REE, Y) þ apatite ! monazite þ xenotime þ unknown Al-Si 6 Fe 6 Ca phase 6 quartz, with no clear involvement of the surrounding phyllosilicates. At low temperature, the large miscibility gap between LREE-and Y-bearing phosphates (Gratz & Heinrich, 1997; Pyle et al., 2001) explains the formation of both Y-poor monazite and xenotime after Y-bearing allanite (Fig. 15) .
Detrital monazite can also be considered as a precursor for low-grade metamorphic monazite. Rounded grains of detrital origin were identified in a biotite schist from the Cooma Complex (Williams, 2001) , and detrital monazite from the Mü nchberg Complex is thought to have survived a MP-HP/MT metamorphic cycle without having recrystallized (Waizenhö fer & Massonne, 2017). In several parts of the Ryoke belt, the cores of large monazite grains (> 100 mm in diameter) preserve preCretaceous ages, suggesting that detrital monazite survived up to the P-T conditions of the Grt-Crd zone (Suzuki et al., 1994 (Suzuki et al., , 1996 . Although lone grains of detrital zircon and xenotime (20-40 mm in length) are found in samples RK0, RK1 and RK2, monazite conversely occurs in aggregates and is not larger than a few microns (Table 1) ; it does not correspond to preexisting grains around which new metamorphic monazite could have developed. In addition, no EMP analyses indicate the presence of pre-Cretaceous domains, so we consider that all monazite aggregates in the Chl-Bt and Bt zones are of metamorphic origin and represent pseudomorphs after allanite (Fig. 15 ).
Stage 2: monazite coarsening
In the Ms-Crd zone, the low mean equivalent diameter (6-7 mm) of monazite reflects the abundance of tiny grains, but a few larger ones (up to 75 mm in length) are also present ( Fig. 3e and f ; Table 1 ). The source material for growing larger grains can still be allanite and apatite, both being found next to monazite, but it is also likely that monazite itself was used. For numerous crystals of a dispersed (accessory) phase in a polycrystalline matrix, the need to reduce the total surface free energy results in the coarsening of large crystals at the expense of smaller ones, a process termed Ostwald ripening (after Ostwald, 1900) . If accessory crystals of different sizes are present, the theory predicts that crystals with radii larger than a critical radius r* will coarsen whereas those with radii smaller than r* will dissolve (e.g. Joesten, 1991) . This situation precisely corresponds to that of monazite aggregates in Chl-Bt and Bt zone samples in which a few large grains occur together with numerous tiny ones ( Fig. 3c and d) . The resorption of small monazite grains associated with the coarsening of larger ones, as it maintains the original order in particle size (Markworth, 1970) , may therefore satisfactorily explain the evolution of monazite textures from the Chl-Bt to the Ms-Crd zone (Fig. 15) .
Another important feature of large monazite grains in the Ms-Crd zone is that they are riddled with tiny inclusions (Figs 3e, f and 4d) , whereas monazite from the Chl-Bt and Bt zones is virtually devoid of them (Figs  3d and 4b ). This suggests that the largest grains of a former aggregate progressively grew and coalesced, thereby trapping the neighbouring minerals (Fig. 15) . High-temperature experiments similarly show that the coarsening of both monazite and surrounding matrix minerals can lead to coalescence of monazite grains (Ayers et al., 1999) . If each tiny grain originally possessed a different Y content, coalescence might suitably explain the patchy Y zoning observed in large monazite grains (Fig. 4d ).
Stage 3: first monazite recycling
Entering the Kfs-Crd zone coincides with the first threshold in monazite grain size increase (Fig. 14b) ; in addition to irregular cores (domains Ia þ Ib) monazite Fig. 15 . Monazite behaviour along the low-pressure/high-temperature metamorphic gradient exposed in the Ryoke belt. Sketches of monazite textures are arranged following the P-T estimates of Ikeda (2004) . Grains without labels are monazite. Reactions: (Chatterjee & Johannes, 1974) ; PWS, pelite wet solidus (Thompson, 1982) ; And-Sil transition (Pattison, 1992; Holdaway & Mukhopadhyay, 1993) ; the allanite-to-monazite transition and Bt d.m (biotite dehydration melting) are schematic.
shows large euhedral overgrowths (domain II) of homogeneous composition (Figs 3g and 4e-g ). However, the REE or Th whole-rock content of samples RK5 and RK6 is not significantly higher than that of lower-or highergrade samples in which monazite grain size is different (Fig. 14) . This indicates that the number of monazite grains should decrease with increasing metamorphic grade, and that the source for new monazite domains was probably monazite itself. Again, monazite recycling (i.e. the dissolution of small grains to grow larger ones by Ostwald ripening) can satisfactorily explain monazite coarsening. For example, Cashman & Ferry (1988) showed that Ostwald ripening could mobilize about 60% of the total mass of metamorphic garnet through solid-state matrix diffusion. However, there are reasons to believe that solid-state diffusion was not the only mechanism involved.
The boundary between the Ms-Crd and Kfs-Crd zones corresponds to a major change in the rock texture. It marks the transition from schistose to gneissose rocks (e.g. Higashimoto et al., 1983) , which reflects muscovite breakdown (Ms þ Qtz ! Kfs þ Al 2 SiO 5 þ H 2 O), an important fluid-liberating reaction (Fig. 15) . The low solubility of monazite in aqueous fluid (Ayers & Watson, 1991) or low-temperature granitic melt (e.g. Montel, 1993) may minimize the role of such an abundant fluid phase. However, the presence of a more acidic or alkaline aqueous fluid, in which monazite solubility increases (e.g. Oelkers & Poitrasson, 2002; Ayers et al., 2004; Hetherington et al., 2010) , could have affected the existing grains and may explain the variable size and irregular shape of monazite cores (Fig. 4e-g ). Intergranular fluid can even indirectly favour monazite recycling; it enhances the coarsening of matrix minerals and induces a migration of their grain boundaries, thereby triggering monazite resorption (Getty & Gromet, 1992; Ayers et al., 1999) . It also improves element transport at a scale larger than a few microns (e.g. Tomkins & Pattison, 2007) . Finally, P-T estimates for the southern part of the Kfs-Crd zone ($680 C, Ikeda, 2004 ) lie above the pelite wet solidus (Fig. 15) and point to the possible role of anatectic melt in monazite recycling. At precisely the same location in the study area, tourmaline breakdown was similarly shown to coincide with the onset of partial melting (Kawakami & Ikeda, 2003) .
Stage 4: second monazite recycling
A second threshold in monazite grain size increase lies between fine-grained and coarse-grained samples from the Grt-Crd zone (Fig. 14b) . Monazite in RK10 and RK11 has large overgrowths and rarely preserves domain I in the core (Figs 6e and 9c-g ). The whole-rock REE or Th content of RK10 and RK11 is not higher than that of lower-grade samples, indicating that the number of monazite grains decreased. This is also illustrated by sample RK7, in which the mean equivalent diameter of monazite is the highest, but the REE whole-rock content is not higher than that of several other samples (Fig. 14) . These observations point to a second stage of monazite recycling (Fig. 15) .
The coarsening of major minerals in the highestgrade samples is associated with an increase in the amount and thickness of leucosomes and discordant leucocratic veins. This apparent increase in the proportion of anatectic melt reflects, for metasedimentary rocks originally at suprasolidus conditions, a crossing of the biotite dehydration melting reaction whose position may vary according to the WR composition or temperature (Le Breton & Thompson, 1988; Patiño Douce & Johnston, 1991) . The fact that fine-grained samples RK8 and RK9 and coarse-grained sample RK11 show different proportions of anatectic melt despite an equally low Al 2 O 3 content (Fig. 14a) indicates that the degree of partial melting mostly reflects a temperature increase above $850
C (e.g. Brown, 1998; Fig. 2) . For temperatures higher than 850 C, monazite solubility in a granitic melt implies that grains smaller than $10 mm should dissolve within about 1 Myr in H 2 O-poor rocks (Rapp & Watson, 1986; Rapp et al., 1987) . Similar to low-grade samples, dissolution of the smallest monazite grains can provide material for the larger ones to form overgrowths; it can equally lead to the growth of entirely new grains, especially in the leucosome parts. We therefore propose that the increase in anatectic melt production owing to biotite breakdown explains renewed monazite recycling (Fig. 15) . The irregular outline of monazite domains I, II and III in RK10 and RK11 (Fig. 9c-g ) suggests a prolonged resorption-regrowth history and highlights the importance of anatectic melt in the recycling process.
Origin of monazite zoning
We discuss monazite zoning from the point of view of the key elements Ce, Th, U and Y and compare the Ce/Th, Ce/Y and Th/U molar ratios of monazite and competing phases with those derived from WR analyses. In a metasedimentary rock devoid of allanite, LREE and especially Ce are hosted mostly in monazite (Ce 2 O 3 ¼ 24-34 wt %; e.g. Bea & Montero, 1999) . Several studies have shown that the LREE content of major silicates in pelitic rocks barely exceeds the ppm level, except for a few ppm in feldspars (Pyle et al., 2001; Corrie & Kohn, 2008) . Provided that no Th-or U-silicate or oxide is present, Th and U are expected to occur in monazite (ThO 2 ¼0-13 wt %; UO 2 ¼0-1 wt %; Overstreet, 1967; Spear & Pyle, 2002) and zircon (Th ¼ 2-2000 ppm; UO 2 ¼5-4000 ppm; Speer, 1980) . Metamorphic zircon tends to favour U over Th so that its Th/U Zrn (mass or molar) ratio generally lies close to zero (Rubatto, 2002) . The main Y-bearing mineral of metasedimentary rocks is xenotime (Y 2 O 3 ¼ 39-45 wt %; e.g. Franz et al., 1996) . The amount of Y 2 O 3 hosted in monazite is about 0-4 wt % and increases with rising temperature (e.g. Heinrich et al., 1997) . Yttrium is common in the core of metamorphic garnet and ranges from a few ppm to $4000 ppm (e.g. Lanzirotti, 1995) . Metamorphic apatite can contain some LREE (Ce 2 O 3 up to 0Á72 wt %; Finger & Krenn, 2007 ) and a small amount of Y (200-1800 ppm, Yang & Rivers, 2002) , resulting in a high Ce/ Y Ap ratio (e.g. Bea et al., 1994) . Apatite is, however, not thought to compete with monazite; from the low-grade Chl-Bt zone apatite shows signs of partial resorption, whereas at higher grade it is predicted to dissolve in the melt, especially in low-P 2 O 5 rocks (Yakymchuk, 2017) . Instead, apatite resorption with increasing metamorphic grade should release REE and Y. Because the Y content of zircon, xenotime and garnet is generally higher than that of Ce (Speer, 1980; Franz et al., 1996; Bea & Montero, 1999) , the Ce/Y Zrn , Ce/Y Xtm and Ce/Y Grt molar ratios are considered to be nearly zero.
Domain I: progressive actinide recycling
Monazite domains Ia are characterized by Ce/Th Mnz , Ce/ Y Mnz and Th/U Mnz ratios that are variable and higher than the WR ones owing to low Th, U and Y contents (Figs 5 and 8) . The composition of domains Ia indicates that, whereas Y can be stored in xenotime coexisting with low-grade monazite ( Fig. 4a-d ), Th and U appear to be trapped in another phase. One candidate is allanite, which is found as relicts until sample RK4 (Fig. 2) . Considering that the precursor allanite (either detrital magmatic grains or low-grade metamorphic blasts) was probably zoned with respect to Th and U (e.g. Gromet & Silver, 1983; Gasser et al., 2012) , Th-U retention would mean that Th-U-rich allanite domains were less easily resorbed than Th-U-poor ones during low-grade metamorphism. This is unlikely, as the Th-U-rich domains should be more affected by radioactive damage. Indeed, allanite relicts in RK0 are relatively Th-poor, suggesting that the Th-richer parts were preferentially replaced. Another option is that allanite breakdown did not directly lead to monazite formation, but involved the intermediate growth of Th-U-rich silicates or phosphates (e.g. Kingsbury et al., 1993; Kim et al., 2009; Cobi c et al., 2010; Skrzypek et al., 2017) , which limited Th-U availability for monazite.
Domains Ib correspond to Th 6 U 6 Y-rich patches developed around domains Ia (Figs 4 and 9) and with Ce/Th Mnz approaching the WR values (Figs 5 and 8) . This suggests that Th was available during the growth of domains Ib and that monazite became, from the MsCrd zone, the main host for Ce and Th. Domains Ib can either reflect the complete resorption of Th 6 U 6 Y-rich allanite relicts or a reconcentration of Th 6 U 6 Y owing to the incipient recycling of tiny monazite grains by Ostwald ripening (Fig. 15) . Th/U Mnz in domains Ib is variable and higher than the WR values, indicating that low-grade monazite is not the main U-bearing phase, probably because U is still stored in detrital zircon. Overall, domains I (Ia þ Ib) are thought to record the progressive remobilization of actinides (mostly Th) during monazite growth after allanite (Fig. 15 ).
Domain II: rock-scale homogenization
Domains II are subhedral overgrowths of homogeneous composition, with Ce/Th Mnz and Th/U Mnz generally close to the WR values (Figs 5 and 8) . The matching ratios suggest that the WR signature in Ce, Th and U is controlled by the dominant monazite domains II. Given that WR analyses were obtained on rock samples of $1 dm 3 , the formation of domains II by monazite recycling implies that the dissolution of small grains with various compositions (domains Ia and Ib) served to form overgrowths of nearly fixed composition and around preexisting monazite located anywhere in the rock. We therefore consider that domains II, which start to grow from the Kfs-Crd zone, point to equilibrium conditions at the sample (decimetre) scale, in contrast to local monazite growth observed in lower-grade samples. Such an increase in the equilibration volume can be readily explained by element transport in metamorphic fluids (or melt, at higher temperature) liberated by the breakdown of hydrous minerals (e.g. Tomkins & Pattison, 2007) , especially muscovite. Conversely, the Ce/Y Mnz ratios of domains II are always higher than the WR values (Figs 5 and 8) . Considering that Ce/Y Xtm is nearly zero, Ce/Y Mnz ratios higher than WR ones point to a mixed contribution of monazite and xenotime to the WR yttrium budget. In garnet-free rocks, one might thus estimate the modal proportions of monazite and xenotime based on the WR and mineral Ce/Y ratios.
Domains II, III and IV: influence of competing phases
Domains III, IV and some parts of domains II are distinguished based on sharp compositional changes and molar ratios departing from the WR values. The first case is Th/U Mnz departure, mostly owing to U depletion. It is indicated by the high Th/U Mnz ratios of domains III in RK7 and domains II in RK9 (Fig. 8) or by U decrease in domains II from RK10 and domains III from RK11 ( Fig. 9c-g ). The common feature of these domains is that they are in contact with or entirely include zircon (Figs 7 and 9b, d, f) . From RK5 to RK11, zircon is zoned and shows CL-dark overgrowths around irregular or rounded cores (Fig. 13c) . In high-grade rocks from different parts of the Ryoke belt, the Cretaceous age of zircon rims points to their metamorphic origin (Kawakami et al., 2013; Nakajima et al., 2013;  Fig. 13d ). Metamorphic zircon, with a typically low Th/U Zrn ratio, competes for U and leads to an increase in the Th/U Mnz ratio of coexisting monazite domains (e.g. Rubatto et al., 2006) . The departure of Th/U Mnz from WR values is therefore taken as a valuable indicator of contemporaneous zircon and monazite growth.
The second case is Ce/Y Mnz increase driven by Y depletion in domains III from RK11 (Figs 8d and 9e-g ). Xenotime and garnet are the two main phases that can compete for Y in RK11. With increasing temperature, monazite coexisting with xenotime should record progressive Y enrichment (Gratz & Heinrich, 1997; Heinrich et al., 1997; Pyle et al., 2001) , but an opposite trend is visible from the oscillatory-zoned domains II to domains III (Fig. 9g) . Moreover, textural equilibrium between monazite and xenotime (rank 1 of Pyle et al., 2001 ) is observed in low-grade samples but is unclear in RK10 and RK11 (Fig. 2) . This could reflect a decreasing modal abundance of xenotime with increasing metamorphic grade, as reported along metamorphic gradients elsewhere (e.g. Bea & Montero, 1999; Pyle & Spear, 1999) . Whereas monazite growth (domain III) at hightemperature conditions is indicated by its coexistence with metamorphic zircon rims, there is indeed no evidence for widespread xenotime growth at HT. It is thus unlikely that Y decrease in domains III was due to competition with xenotime.
Conversely, the influence of apatite and garnet can explain the Ce/Y Mnz increase. In low-P 2 O 5 rocks such as our samples ( 0Á1 wt %; Table 5 ), apatite dissolution in anatectic melt should be complete above $825 C for pressures below 6 kbar (Yakymchuk, 2017) . The dissolution of apatite with a typically high Ce/Y Ap ratio could contribute to relative Y depletion in newly grown monazite domains. In addition, the rim of garnet porphyroblasts was stable at peak P-T conditions (Ikeda, 2004 ; garnet rim records peak conditions if not affected by retrograde resorption) whereas the core part probably started to grow at slightly lower temperature. With garnet growing from medium to high temperature one can expect Y to concentrate in the core and progressively decrease towards the rim following a Rayleigh-type fractionation (e.g. Hollister, 1966; Otamendi et al., 2002) . The gradual Y decrease in monazite domains II and the eventual drop in domains III could reflect this Y sequestration in garnet. The coeval growth of garnet and monazite is supported by the partial inclusion of monazite (domain III) at garnet rims (Fig. 6g) . We therefore consider Ce/Y Mnz departure as a witness of garnet growth during the formation of monazite domains III at peak P-T conditions (Fig. 15) . This is not in contradiction with the rather low Mnz-Grt distribution coefficients reported for Y (21-46, Hermann & Rubatto, 2003; Rubatto et al., 2006) .
The third case is a weaker Ce/Y Mnz departure associated with abrupt Y enrichment in domains IV from RK11 (Figs 8d and 9e-g ). Monazite itself is not a likely source as domains IV form localized overgrowths around the Y-poor domains III. The role of garnet is more probable; garnet rims are replaced by chlorite and partly include monazite in which the outermost rim overgrowth (domain IV) on the matrix side is separated from K-feldspar by a thin albite film (Fig. 6g) . These retrograde features point to garnet resorption as a source of Y (Gibson et al., 2004; Mahan et al., 2006) , which might also explain the occurrence of euhedral rim overgrowths in matrix xenotime.
TIME-SCALE OF METAMORPHISM
Significance of zircon dates
Zircon in RK11 shows partially resorbed, oscillatoryzoned cores yielding Paleoproterozoic and Jurassic dates (Fig. 13d) . Both populations are considered as inherited ages and agree with the detrital zircon age spectra reported for protoliths of the Ryoke metasedimentary rocks in the Mino-Tamba belt (e.g. Fujisaki et al., 2014) . The boundary between inherited cores and rim overgrowths is riddled with Si-rich blebs (Fig. 13d) , which resemble the melt inclusions described in migmatite from the central part of the Ryoke belt (Aoyama area; Kawakami et al., 2013) . This suggests that zircon rims grew from melt rather than via solid-state recrystallization (Hoskin & Black, 2000) . Zircon occurs in the matrix and in the inclusion-poor rims of cordierite and garnet porphyroblasts; that is, parts of peak P-T minerals that probably grew as peritectic products (Fig. 13a  and b) . K-feldspar and sillimanite inclusions in zircon rim additionally point to crystallization at a temperature higher than that of muscovite breakdown. The sum of observations brackets the formation of zircon rims at suprasolidus conditions (> 650 C). Zircon rims yield concordant 206 Pb/ 238 U dates spreading from 103 to 97 Ma (6 4-5 Ma) but equivalent within error ( Fig. 13c  and d ). Because the associated weighted average 206 Pb/ 238 U age of 102 6 1 Ma shows a slightly high MSWD (2Á30), we prefer to keep the 103-97 Ma age range as a conservative estimate for zircon crystallization from melt. To speculate, the high MSWD might be explained by two zircon growth events based on age and textural differences; zircon crystallization may have started immediately after peak T conditions with the growth of the dominant CL-bright rims (103-100 Ma) at the same time as inclusion-poor garnet and cordierite, and continued down to the solidus with the formation of the thin CL-dark outermost rims (c. 97 Ma). We can therefore consider that metamorphic zircon growth had ceased by the complete crystallization of anatectic melt (e.g. Roberts & Finger, 1997; Skrzypek et al., 2012) ; that is, that suprasolidus conditions did not prevail after c. 97 Ma (Fig. 16 ).
Petrological constraints on monazite growth: what monazite should record
Monazite formation after allanite is evidenced by the presence of monazite aggregates in the Chl-Bt, Bt and Ms-Crd zones. In the lowest-grade sample RK0, for which a peak temperature of $425 C is estimated, the limited replacement of large allanite (50-100 mm) by skeletal monazite is associated with the presence of H 2 O-rich clay minerals (Fig. 3b) . Although no compositional and age constraints are available for such tiny monazites, they probably represent the product of retrograde allanite replacement (e.g. Bollinger & Janots, 2006) rather than that of a prograde reaction (e.g. Wing et al., 2003) . With increasing metamorphic grade, however, allanite almost entirely disappears and is directly replaced by low Th-U monazite (Ia) with thin Th-U-rich rims (Ib) in RK1 to RK4 (Figs 3 and 4) . Domains I are in turn overgrown by larger ones (II-IV) and may persist in monazite cores up to the highest-grade conditions (Figs  3 and 6) . This suggests that a prograde allanite-to-monazite transition occurred below 450 C in the study area, and that domains I in low-grade samples should record this event (Fig. 15) .
The temperature of the allanite-to-monazite transition in the Ryoke belt appears to be lower than for MP/ MT Barrovian metamorphic rocks, in which it is commonly estimated at 500-600 C (Smith & Barreiro, 1990; Wing et al., 2003; Goswami-Banerjee & Robyr, 2015; Stípská et al., 2015) . The results of thermodynamic calculations in different chemical systems can be used to explain this discrepancy. Spear (2010) showed that the allanite-to-monazite transition is shifted to lower temperature with increasing whole-rock Al 2 O 3 content (Spear, 2010) , but the presence of similar monazite aggregates in RK1 (Al 2 O 3 ¼ 7Á24 wt %) and RK2 (Al 2 O 3 ¼ 16Á73 wt %) suggests that it is of minor influence. The temperature of the transition is also lowered with decreasing whole-rock CaO content and pressure; at 5 kbar the transition lies between 450 C (Spear, 2010 ) and 500 C (Janots et al., 2007) for relatively Ca-poor rocks with a composition close to that of samples RK1 to RK4 (Table 4) . At pressures lower than 3 kbar, which corresponds to conditions of the Chl-Bt to Kfs-Crd zones determined by two independent methods (Ikeda, 2004; Kouketsu et al., 2014) , P-T pseudosections indicate that the transition is shifted down to $400 C (Janots et al., 2007; Spear, 2010) . In the case of the Ryoke belt, it is therefore the conjunction of low wholerock CaO content (<1Á40 wt %) and mostly low-pressure conditions (<3 kbar) that led to allanite breakdown at lower temperature than for MP/MT rocks.
The large monazite domains II, which appear from the Kfs-Crd zone onwards, are ascribed to monazite recycling assisted by fluid or melt release owing to muscovite breakdown. Subsolidus muscovite breakdown occurs at 600-630 C (Chatterjee & Johannes, 1974) for pressure conditions of the Kfs-Crd zone (2-3 kbar) whereas peak temperature estimates for this zone are $680 C (Ikeda, 2004) . Monazite domains II should thus record prograde to peak growth from 600 to 680 C (Fig. 15) . In samples from the Sil-Kfs and GrtCrd zones, numerous observations point to the formation of monazite domains II and III at peak P-T and suprasolidus conditions, in a temperature interval between 700 and 880 C. Conversely, the retrograde growth of monazite domains IV probably occurred in the chlorite stability field below $550 C.
Monazite dates: what does monazite actually record?
In the study area, medium-to high-temperature metamorphism is thought to be broadly coeval with the intense plutonic activity that lasted from c. 105 Ma to 94 Ma (Skrzypek et al., 2016) . U-Pb zircon ages of 103-97 Ma agree with this period of elevated temperature conditions (Fig. 16 ), but monazite dating results point to a more complex history. Published results include U-Pb zircon ages (Herzig et al., 1998; Nakajima et al., 2013; Skrzypek et al., 2016) and K-Ar biotite ages for granitoids (Kawano & Ueda, 1966; Higashimoto et al., 1983) , and CHIME monazite ages for high-grade metasedimentary rocks (Suzuki et al., 1994 (Suzuki et al., , 1996 Suzuki & Adachi, 1998 Because these results agree with the timing of magmatic activity (105-94 Ma), zircon growth at suprasolidus conditions (103-97 Ma) and previous CHIME monazite ages (101-99 6 3-4 Ma; Suzuki et al., 1994 Suzuki et al., , 1996 Suzuki & Adachi, 1998) , they are interpreted as minimum ages for prograde to peak metamorphism. These oldest 206 Pb/ 238 U dates do not vary between samples nor between domains I to III (Figs 11 and 12) ; they all point to fast monazite growth from prograde to peak conditions, which is compatible with a relatively short-lived heating of the Kfs-Crd, Sil-Kfs and Grt-Crd zones during pluton intrusion at depth (Okudaira et al., 2001; Skrzypek et al., 2016) . The oldest 206 Pb/ 238 U date for domain IV (93 6 7 Ma) is slightly younger but, within error, indistinguishable from the prograde-peak ages of domains I-III. If this age is ascribed to chlorite-grade retrogression, it indicates that the Ryoke belt cooled to $550 C shortly after peak HT conditions (Fig. 16) .
In addition, EMP and LA-ICP-MS analyses yield a dominant population of young monazite dates clustering at 90-80 Ma (Figs 10 and 11) . Such results conflict with petrological observations indicating mostly prograde to peak monazite growth, but their high degree of 238 U-232 Th concordance or their origin from nondamaged EMP spots suggests that they nonetheless have a geological significance; they are thought to record the timing of post-HT age resetting in monazite.
Numerous studies indicate that age resetting in metamorphic monazite can be due to post-peak dissolution-reprecipitation (e.g. Didier et al., 2013; Villa & Williams, 2013; Taylor et al., 2014) . Retrograde allanite growth after monazite is observed in RK6 and RK10, but is associated with only limited monazite resorption (Figs 3h and 6f) . Th-Y-depleted domains crosscutting some grains in RK6 (Fig. 4h) are similar to the experimentally produced (Harlov et al., 2011) and natural (Kelly et al., 2012) textures ascribed to fluid-assisted dissolution-reprecipitation, but they are rare. Thus, there is no textural evidence for extensive dissolutionreprecipitation of monazite in the analyzed samples.
Another potential cause of age resetting is intracrystalline Pb diffusion. Contradictory reports of experimentally determined diffusion coefficients indicate that, at temperatures higher than 800 C, Pb loss can be fast (Smith & Giletti, 1997) or negligible (Cherniak et al., 2004; Gardé s et al., 2006 Gardé s et al., , 2007 . In several samples from the Ryoke belt, the presence of 18-58 mm wide zones of decreasing Pb at the rim of large detrital monazite was ascribed to relatively fast Pb loss by diffusion at HT (Suzuki et al., 1994) . The width of such Pb-depleted rims is comparable with the average long axis (47-50 mm) or equivalent diameter (34-38 mm) of monazite in RK10 and RK11 (Table 1) . However, LA-ICP-MS analyses of monazite in sample RK11 show that the larger separated grains yield younger 206 Pb/ 238 U dates than the smaller ones analysed in situ (Fig. 11d and e) . In addition, semi-quantitative profiles across separated metamorphic grains (100-200 mm in diameter) did not reveal Pb decrease at the rim. In short, there is at present no evidence supporting Pb diffusion in monazite from our samples.
Age resetting in accessory minerals can also be the result of annealing. In monazite, annealing involves a relaxation of the expanded lattice and a regeneration of the distorted, radiation-damaged crystal network (Seydoux-Guillaume et al., 2002) ; at temperatures as low as 200 C new lattice forms and advances across the grain along curved fronts (Meldrum et al., 1997; . In zircon, such a reorganization of the crystal lattice is thought to trigger Th, U and Pb migration, and hence age resetting (Schaltegger et al., 1999) . In our samples, the position of damaged spots produced by $1 h long electron beam irradiation shows no correlation with Th or U zoning. Within an apparently homogeneous compositional domain both damaged and non-damaged spots are observed less than a few microns apart, suggesting that monazite crystallinity is heterogeneous. We ascribe this feature to partial annealing, which produced patches of recrystallized lattice but also left incompletely healed ones.
Incompletely regenerated monazite parts might have experienced partial isotopic resetting, and an illustration of this can be found in the high 238 U-232 Th discordance of some older 206 Pb/ 238 U dates (Fig. 11f) . A similar trend is reported for zircon in which metamict parts yield Pb/U dates with a higher discordance than nonmetamict ones (McLaren et al., 1994) . Conversely, the fully annealed parts should have acquired a stronger crystal lattice. This could explain the good 238 U-232 Th concordance of relatively young LA-ICP-MS analyses (Fig. 11f) and the fact that EMP analyses, among which only those from non-damaged spots are considered, tend to overemphasize the young age population (Fig. 10) ($250-650 C) under which monazite annealing could occur. It is worth noting that the surrounding granitoids preserve similarly young CHIME (95-87 Ma; Suzuki et al., 1994 Suzuki et al., , 1996 Suzuki & Adachi, 1998) and K-Ar biotite ages (94-86 Ma; Kawano & Ueda, 1966; Higashimoto et al., 1983) , despite older U-Pb zircon emplacement ages of 105-94 Ma (Skrzypek et al., 2016) .
CONCLUSIONS
The present study shows that monazite is stable from $450 C and 1 kbar to $880 C and 6 kbar in metamorphosed sedimentary rocks of variable composition. As for major metamorphic minerals, the evolution of monazite texture and composition chiefly depends on temperature; monazite originates from the local replacement of allanite at low grade but grows under decimetre-scale equilibrium conditions in medium-to high-grade samples. The increase in reaction volume is facilitated by the prograde generation of aqueous fluid and anatectic melt. Monazite grain size increases with rising temperature, regardless of the whole-rock composition. The initial sources of REE and P are allanite and apatite, but monazite recycling by progressive coarsening of large grains at the expense of small ones should be considered as a major process once conditions of the allanite-to-monazite transition are exceeded. The latter transition appears to occur below 450 C in low-pressure, Ca-poor rocks. We emphasize the importance of comparing monazite molar ratios (Ce/Th, Ce/Y, Th/U) with those derived from whole-rock analyses to identify the major and accessory phases competing for Th, U or Y during monazite growth, and to ascribe P-T conditions to given monazite domains.
Isotopic dating of zircon with appropriate inclusions and internal textures appears as the best approach to estimate the time-scale of HT conditions. Metamorphic zircon rims yield 206 Pb/ 238 U age of 86 6 4 Ma reflects the end of MT conditions (< 200-300 C) below which monazite, in metamorphic rocks as well as in the surrounding granitoids, eventually behaved as a closed isotopic system.
